There are 368 SET domain proteins identified in the was prepared as a C-terminal hexahistidine fusion, with an intervening TeV protease site. The crystallized protein SMART database (Schultz et al., 1998) , distributed contains the six residues ENLYFQ from the TeV protease through all kingdoms of life. To date, the Rubisco large recognition site fused to its C terminus, as well as an subunit methyltransferases (LSMTs) of plants are the additional N-terminal Met from the initiator codon. only other class of SET domain enzymes with identified
The structure of Rubisco LSMT consists of two large substrates. Indeed, the Rubisco LSMTs were the first lobes and a C-terminal extension ( Figure 1B ). The N-ter-SET domain methyltransferases whose enzymology was minal lobe (residues 50-305) can be further divided into characterized. Methylation of Rubisco large subunits a ␤ sheet domain (residues 69-106 and 222-291) and resembles histone methylation in many respects. Lysan ␣-helical domain (residues 50-68, 107-221, and 292-14 is the site of methylation on the Rubisco large subunit, 305). The ␤ sheet domain within the N-terminal lobe and is located in the flexible N terminus of the large corresponds to the SET domain ( Figures 1D and 2A ). The subunit (Schneider et al., 1992) . The analogy is clear to C-terminal lobe (residues 306-482) comprises a single the sites of histone methylation in the N-terminal tails domain that is entirely helical except for one twoof histones H3 and H4, which have been shown to be stranded ␤ sheet ( Figure 1E ). Neither lobe shows similardisordered in the crystal structure of the nucleosome ity to other structures in the protein data bank as judged core ( There are minor differences between the three monoDespite the intense interest in this family of enzymes, mers in the trimer. Two monomers denoted B and C are thus far, little structural or mechanistic information has well ordered throughout, with the exception of the N-terbeen available for them. In order to elucidate the strucminal three amino acid residues and the C-terminal resiture, function, substrate specificity, and catalytic mechdues. The A monomer manifests disorder within the N-teranism of SET domain methyltransferases, we screened minal domain; residues 228-230 and 257-266 of the A a large series of SET domain-containing proteins for monomer are completely absent from electron density. suitability for structural studies. SET domain-containing There are modest differences in the angle between the ORFs from diverse species including yeast, human, Ara-N and C-terminal lobes in the monomers; the interlobe bidopsis thaliana, tobacco, spinach, and pea were distance is about 30 Å in molecule A as compared to cloned and screened by systematically scanning the 27-28 Å in molecules B and C. The greatest local struc-N-and C-terminal boundaries of their respective SET tural differences are in residues 252-266. Most of this domains for constructs that were soluble when exsegment participates in crystal contacts in molecules B pressed in E. coli. Among the soluble SET domain methand C, whereas all but the first five residues in this yltransferases that were identified using this approach segment are disordered in the A molecule. were several Rubisco LSMTs and the human HMT SET9.
The SET domain consists of 12 ␤ strands arranged In screening several different recombinant Rubisco into 5 partially interwoven sheets (Figures 2A and 2B ). LSMTs, we found that the garden pea (Pisum sativum) Sheets I-IV are antiparallel, whereas sheet V is parallel. Rubisco LSMT yielded crystals suitable for determinaSheets I and V are interwoven, in that ␤12 participates tion of the structure of a SET domain-containing enin both sheets. Sheet I contains strands ␤1, ␤2, and ␤12; zyme. We determined the structure bound to the cofacsheet II strands ␤3 and ␤11; sheet III strands ␤4, ␤10, tor reaction product S-adenosylhomocysteine (AdoHcy) and ␤9; sheet IV strands ␤5, ␤7, and ␤6; and sheet V and a fortuitously bound molecule of HEPES that mimics strands ␤8 and ␤12 ( Figure 2B ). There is a knot-like lysyl substrate binding. The structure provides the structure where the C terminus of the SET domain exits framework for a general understanding of SET domain underneath the ␤8-␤9 connection. The all-␤ SET domain function, and its implications have been tested by mutabears no resemblance to the classical ␣/␤ AdoMet bindtional analysis of pea LSMT and human SET9. 
Results and Discussion
The SET domain is interrupted between ␤5 and ␤6 by a Rubisco LSMT-specific domain ( Figures 1D, 2, and 3 ; Overall Structure and Trimerization we refer to it as the SET-inserted domain, or iSET doThe structure of pea Rubisco LSMT bound to AdoHcy main), consisting of 115 residues and six ␣ helices ( The background text color gray represents invariant residues, while the colors yellow, green, and blue signify conserved hydrophobic, polar, and charged residues, respectively. The symbols ᭡ and ᭹ denote residues involved in AdoMet and substrate lysine binding respectively, while ᭜ represents residues implicated in both. The putative catalytic Tyr is highlighted by a *. The secondary structure of the pea LSMT is illustrated under the alignment and is colored according to the scheme in Figure 1B Figure 6E) . the substrate, but a depressed pKa for the substrate Lys would be difficult to reconcile with its high solvent Catalytic Mechanism exposure in Rubisco. The structure and pH profiles The model for the Lys side chain based on the structure taken together seem most consistent with a catalytic of the HEPES complex puts it in the center of the carrole for the Tyr. bonyl cage, ‫3ف‬ Å from the methyl group of a modeled One of the most remarkable aspects of the Rubisco AdoMet ( Figure 5A ). Because the proximity to the methyl LSMT active site is that the substrate and cofactor enter donor and the polarity of the site are appropriate, the separate clefts from separate ends of the enzyme (FigLys N substrate protein complex. While there are little data on The unprotonated Lys side chain is the species that is the processivity of methyl group addition, the back door presumed to make a nucleophilic attack on the AdoMet mechanism suggests that multiple methyl groups could methyl group. There is no His, Asp, or Glu present with be added to a Lys side chain without dissociation of the protein. The back door arrangement is suited for specific the appropriate geometry to deprotonate the substrate. SET and iSET domains and the C-terminal helix of the C-lobe.
Origins of Substrate Specificity
Based on the docking, we believe that substrate recThe SET domain packs a spectacular amount of funcognition occurs on two levels. The first level concerns tionality-AdoMet binding, Lys side chain binding, and the local sequence context of a particular Lys residue catalysis-into just 110 amino acid residues. It appears within the tail of a histone or Rubisco. The N and C that the SET domain is too small to contain the determitermini of the SET domain, and the break point at which nants to recognize the three-dimensional surface of a the iSET region is inserted, are all near the active site. large protein or multiprotein assembly. We modeled the We predict that most of this specificity is encoded by interaction of Rubisco LSMT and spinach Rubisco ( . Both native and derivative data sets were collected at 95 K Experimental Procedures using an R-AXIS IVϩϩ image plate detector (Rigaku) using Cu K␣ radiation produced by a RU200 X-ray generator (Rigaku) and foProtein Expression, Purification, and Mutagenesis cused with Osmic confocal mirrors (Rigaku). Data were indexed The DNA sequence encoding residues 46-482 of pea Rubisco LSMT and reduced using DENZO and scaled using SCALEPACK (HKL was PCR amplified and cloned into the GATEWAY destination vector Research; Otwinowski and Minor, 1997). pDEST14 (Invitrogen) with a C-terminal hexahistidine-tag and TeV protease cleavage site. The plasmid was transformed into Escherichia coli strain BL21(DE3) Codon Plus RIL (Stratagene) and overexStructural Solution and Refinement Phases were calculated from the xenon SAD dataset to 3.4 Å in pressed by induction with 0.5 mM IPTG and growth at 16ЊC overnight. Cells were lysed by sonication in 50 mM NaPhosphate (pH SOLVE (Terwilliger and Berendzen, 1996) . Seven xenon sites were found in the asymmetric unit and were input into SHARP for maxi-7.0), 500 mM NaCl, and 5 mM ␤-mercaptoethanol (␤ME), and LSMT was isolated using Talon Co 2ϩ affinity chromatography (Clontech) mum likelihood phase refinement (de La Fortelle and Bricogne, 1997). The resulting map was solvent-flattened using the automated with a gradient of 0 to 500 mM imidazole (pH 7.0). The peak fractions containing the enzyme were pooled, and the hexahistidine-tag was solvent content optimization in SHARP and yielded a traceable electron density map with defined side chain density. An inspection of removed by overnight digestion with TeV protease at 4ЊC by dialysis in 50 mM TRIS (pH 8.0), 150 mM NaCl, 0.5 mM EDTA, and 5 mM the maps in the model building program O (Jones et al., 1991) revealed three molecules in the asymmetric unit, which were subsedithiothreitol. LSMT was further purified with a second Talon affinity column and a Superdex S-200 gel filtration column (Amershamquently built by tracing the chain of the first monomer and using the noncrystallographic symmetry to transpose this model into the Pharmacia) in 20 mM TRIS (pH 8.0), 150 mM NaCl, and 10 mM ␤ME, and was judged to be at least 99% pure by SDS-PAGE. The protein density for the remaining two monomers. Once the initial model building was completed, the structure was refined against the Xe was then concentrated to approximately 30 mg/ml, flash-frozen in liquid nitrogen, and stored at Ϫ80ЊC. The DNA coding for human derivative data using CNS (Brü nger et al., 1998) at 3.0 Å using positional and torsion angle dynamics, and B factor refinement with a SET9 (residues 1-366) was amplified from a human HeLa cell cDNA library (Clontech, 7111-1). It was cloned into the pHIS parallel-2 maximum likelihood target and noncrystallographic (NCS) restraints set on the iSET region and the C-terminal lobe of the monomers. Improved methods for building protein models in electron density None of the nonglycine residues are in the disallowed region of the maps and the location of errors in these models. Acta Crystallogr. Ramachandran plot (Table 1) .
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